Previously, we reported that histone H2B is specifically phosphorylated at S14 in vertebrates undergoing prowe sought to address whether the H2B N terminus is involved. To this end, hydrogen peroxide (1 mM H 2 O 2 ) grammed cell death (PCD; Cheung et al., 2003). Although H2B S14 and surrounding sequences are well conserved was added to isogenic yeast cells expressing separate N-terminal truncations of each of the four core histones, among vertebrates, they are not readily apparent in H2B tails of invertebrates and unicellular eukaryotes such as which include yH2A ⌬1-20, yH2B ⌬1-32, yH3 ⌬1-30, and yH4 ⌬1-27, all in identical histone-shuffle backgrounds yeast ( Figure 1A ). Thus, it remained unclear whether any of the serine and/or threonine residues in the yeast H2B (see Experimental Procedures for details). After a 200 min incubation, cell survival was tested by a plating N-terminal tail could be phosphorylated in an apoptosisspecific manner. assay; cell death was assayed with phloxin B (PB) staining, which stains only dead or dying yeast cells (Severin As shown in Figure 1A , numerous serine and threonine residues exist in the N-terminal tail of yeast histone H2B and Hyman, 2002 conserved proline and alanine residues, was identical S10 in a cell death pathway brought about by H 2 O 2 treatment. in S. pombe (see underline in Figure 1A ), suggestive of a conserved but unknown function for S10. To analyze if S10 in the yeast H2B serves a functional role in dying Cells Exhibiting Phosphorylation of Histone H2B at S10 Display Apoptotic Phenotypes yeast, cells were generated expressing H2B in which S10 and S33 were separately mutated to alanine (S10A We wished to address whether phosphorylation of H2B at S10 has an analogous function to H2B S14 phosphorand S33A, respectively). While S33A H2B mutants were as sensitive to H 2 O 2 treatment as wt cells, S10A H2B ylation during mammalian apoptosis. Yeast cells were double-stained with TUNEL and ␣-Phos (S10) H2B antimutants were desensitized to H 2 O 2 treatment in much the same way as H2B tail truncation mutants (i.e., their body and examined by immunofluorescence (IF) microscopy. In accordance with the loss of cell viability after survival was enhanced over wt cells; see Figures 2A and 2B). These results suggest the intriguing possibility that treatment with H 2 O 2 , about 80% of wt cells showed TUNEL staining, a hallmark of apoptosis ( Figure 3A ). S10 in yeast H2B serves a comparable role to S14 in mammalian H2B by acting as a site of phosphorylation Strikingly, 100% of the TUNEL-positive cells were costained with ␣-Phos (S10) H2B, demonstrating that apoinduced during an H 2 O 2 -elicited apoptotic pathway.
To directly test this hypothesis, a site-specific H2B ptotic DNA fragmentation correlates precisely with H2B phosphorylation at S10 ( Figure 3A) . Similar positive S10 phospho-specific antibody (hereafter ␣-Phos [S10] H2B) was generated (see Supplemental Figure S2 on staining patterns were observed with the S33A and the histone tail truncation mutants that included H2A, H3, the Cell website for the antibody specificity). Nuclei were prepared from logarithmically growing cells treated with and H4 ( Figure 3B ). However, in contrast, deletion of the N terminus of H2B and the S10A mutants lacked these or without H 2 O 2 for 200 min before histones were extracted and probed by immunoblotting using ␣-Phos characteristic markers of apoptosis, even with H 2 O 2 treatment, further confirming that the phosphorylation (S10) H2B. As shown in Figure 2C , H2B from H 2 O 2 -treated wt cells reacted strongly with ␣-Phos (S10) H2B, at H2B S10 is required for these apoptosis-like properties in yeast ( Figure 3B ). Furthermore, translocation of suggesting that H2B is phosphorylated at S10 upon H 2 O 2 treatment in yeast. As expected, ␣-Phos (S10) H2B did phosphatidylserine (PS) from the inner to the outer leaflet of membrane, an early event of apoptosis detected not react with histones prepared from S10A mutant cells that were treated with H 2 O 2 ( Figure 2C ). In contrast, H2B
by Annexin V staining (Koopman et al., 1994), was prevented to a larger extent in the H2B tail truncation and from the S33A H2B mutant (H 2 O 2 -treated) reacted similarly to wt H2B. Reactivity with ␣-Phos (S10) H2B was the S10A mutants (Supplemental Figure S1 on Notably, Cla4, which belongs to the Ste20 PAK family and which shares an essential function with Ste20 observed no difference between a double mutant carrying both H2B S10A and STE20 deletion, as compared (Cvrckova et al., 1995), also had no effect in these assays ( Figure 4 ). Thus, our data suggest that Ste20 kinase is to each respective single mutant with regard to survival properties ( Figures 4A and 4B ). Taken together with the the single yeast apoptotic mediator that directly phosphorylates yeast H2B at S10 in a Yca1-independent previous results reporting the importance of Ste20 during pheromone-elicited yeast death (Severin and Hymechanism. To investigate whether Ste20 could trigger the phosman, 2002), our in vivo results suggest that H 2 O 2 regulates a comparable cell death pathway to other yeast phorylation of H2B at S10 during conditions believed to induce yeast apoptosis, the level of H2B S10 phosphoryapoptotic stimuli via Ste20.
Since caspases are integral components of many lation was assayed by immunoblotting. No signal was detected by ␣-Phos (S10) H2B with H 2 O 2 -treated yeast mammalian apoptotic pathways, we sought to determine whether H2B S10 phosphorylation is controlled lacking Ste20 (ste20⌬) or double mutant carrying both H2B S10A and ste20⌬, suggesting that Ste20 may faciliby Yca1, the only known yeast caspase. Yca1 itself is cleaved and displays a caspase-like proteolytic activity tate the phosphorylation of H2B S10 ( Figure 4C ). In addition, an in-gel kinase assay was employed to determine following activation during yeast apoptosis (Madeo et al., 2002). As shown in Figures 4A and 4B , deletion of the molecular weight(s) of potential yeast apoptotic H2B kinases in total nuclear extracts. In this assay, nuclear YCA1 (yca1⌬) in yeast decreased cell death induced by H 2 O 2 , suggesting it acts as an apoptotic mediator, in extracts, prepared from H 2 O 2 -treated and untreated wt or ste20⌬ cells, were separated by SDS-PAGE gels that agreement with published data (Madeo et al., 2002) . However, normal levels of H2B S10 phosphorylation are were first impregnated with either unmodified (amino acids 4-14 of yeast H2B) or S10-phosphorylated H2B detected after H 2 O 2 treatment in yca1⌬ ( Figure 4C ). Whereas enhanced viability is observed for each respecpeptides ( Figure 5A ). Following renaturation and in-gel kinase assay, numerous bands were in common betive single mutant, the double mutant carrying both H2B S10A and yca1⌬ is strongly resistant to H 2 O 2 (Figures tween these two peptide gels, likely due to autophosphorylation. However, a band with a molecular weight of 4A and 4B), suggesting that Yca1 and Ste20-catalyzed phosphorylation of H2B at S10 act in independent pathapproximately 100 kDa was consistently detected with H 2 O 2 -treated nuclear extracts in kinase activity gels conways modulating cell death. Although the MAPKKKK Ste20 kinase functions as an upstream regulator in three taining the unmodified H2B peptide ( Figure 5A ). This 100 kDa band was absent in identically treated in-gel well-studied S. cerevisiae MAPK cascades, high osmolarity glycerol (HOG), pheromone response, and pseukinase assays containing prephosphorylated (S10) H2B peptide or with yeast nuclear extracts prepared from phosphorylated an unmodified H2B peptide containing amino acids 6-16 from mammalian H2B (Supplemental ste20⌬ cells (see Figure 5A, arrow) . As 100 kDa is the predicted molecular mass of Ste20 protein, these data Figure S5 on the Cell website). In contrast, the phosphorylation level was significantly reduced with a similar pepadd further support that Ste20 kinase is an apoptosisinduced H2B (S10) kinase.
tide differing by a single phosphate at S14 (Supplemental Figure S5 ), demonstrating that yeast Ste20 can act To further establish a direct role of Ste20 during H 2 O 2 -induced yeast cell death event, full-length Ste20 (FL similarly in vitro as mammalian Mst1, a H2B S14 kinase. In agreement with earlier findings (Hsu et al., 2000) , a Ste20), and a kinase-dead form of Ste20 (Ste20 K649R ; KD), containing an inactivating single point mutation chang-H3 S10 kinase, Ipl1, displayed a strong preference for only unmodified H3 peptide among all the peptides ing lysine to arginine, were expressed in bacteria as GST-fusions and purified for kinase assays. Kinase actested ( Figure 5B ). Using purified H2B, nucleosomes, or a mixture of core tivity was assayed by measuring incorporation of the ␥[ Figure 6B ). Upon the addition of by ␣-Phos (S10) H2B ( Figure 5D ). Taken together, these results demonstrate that Ste20 kinase can directly phos-H 2 O 2 , fewer S10E mutant colonies survived (data not phorylate H2B S10 in vitro under these assay conditions. shown), and these cells were also stained with TUNEL Thus, we suggest that Ste20, a bona fide cell death ( Figure 6B ). While both single and double mutants carkinase in yeast, acts to bring about H2B S10 phosphoryrying either S33E and/or ste20⌬ survived as well as wt, lation through a direct enzyme-substrate interaction in the double mutant carrying both S10E and ste20⌬ cona cascade triggered by H 2 O 2 treatment. ferred a growth level similar to S10E ( Figure 6A ). Together, these results suggest that S10E mutation induces apoptotic characteristics including DNA fragmentation.
H2B S10E Mutants Induce Apoptotic-Like
Formation of condensed chromatin and fragmentaFeatures Including Chromatin Condensation tion of DNA into oligonucleosomal lengths are hallmarks To determine the role of H2B S10 phosphorylation durfor apoptosis. Thus, we asked whether H2B S10 phosing H 2 O 2 -induced apoptosis, we separately mutated S10 phorylation facilitates apoptotic chromatin condensaand S33 to glutamic acid (S10E and S33E respectively) tion. In agreement with published data (Madeo et al., to mimic constitutive phosphorylation and to bypass 1999), electron microscopic investigation of wt cells inthe potential requirement for induced S10 H2B kinase cubated with H 2 O 2 revealed reproducible extensive activity. As shown in Figure 6A , the growth level of S10E chromatin condensation typical for apoptosis (Figure mutations was drastically reduced on YPD agar plates, 6C). No condensed chromatin was observed in S10A even in the absence of H 2 O 2 . Although few S10E H2B mutant with or without H 2 O 2 . In contrast, the S10E mumutants grew under these conditions, surviving cells exhibited cell morphology similar to that of H 2 O 2 -treated tant displayed nuclei with striking patches of condensed chromatin (see Figure 6C , arrows), even in the absence termining the localization of known nuclear (GST-Ste12 and histone H4) and cytoplasmic (GST-Ste7 and Ste11) of H 2 O 2 . These data suggest that H2B S10 phosphorylaproteins ( Figure 7A ). Furthermore, an approximate 130 tion and its phospho-mimic, S10E, correlate positively kDa band was consistently detected in H 2 O 2 -treated nuwith "induced" and "constitutive" chromatin compacclear extracts, corroborating that full-length Ste20, and tion in vivo. As far as we are aware, the H2B S10E point not a cleaved form of Ste20, is translocated into the mutant is one of the more striking histone-tail mutations nucleus. These results are consistent with Yca1 opshown to promote large-scale chromatin compaction. erating in a separate pathway from Ste20-mediated H2B S10 phosphorylation (Figure 4) . Thus, our data under-H 2 O 2 Treatment Stimulates Translocation of Ste20 score a difference between yeast and mammalian cells from Cytoplasm into Nucleus in that Ste20 does not appear to be a caspase-depenOur results indicate that Ste20 directly acts to phosphordent apoptotic kinase in yeast. ylate H2B in vitro and in vivo. We reasoned that Ste20
Next, the sequence encoding green fluorescent prokinase, which is normally present in cytoplasm (Leberer tein (GFP [S65T]) was fused to the N-terminal sequence et al., 1997), should be able to translocate from the of STE20 in vivo to examine the subcellular localization cytoplasm to the nucleus upon H 2 O 2 treatment, even of Ste20 in response to H 2 O 2 . As shown in Figure 7B , in though an obvious nuclear localization signal is not apthe absence of H 2 O 2 treatment, GFP-Ste20 was either parent in Ste20. To test this hypothesis, a yeast strain concentrated at the site of bud emergence or appeared was generated in which the STE20 gene was fused to as a diffuse signal in normal growing cells, again correglutathione S-transferase (GST) at its N terminus. This lating with previously documented results (Wu et al., chimeric protein, under control of its endogenous STE20 1995). However, upon treatment with H 2 O 2 , much of the promoter, was fully functional as assessed by survival fluorescent signal concentrated within nuclei, precisely in H 2 O 2 , H2B S10 phosphorylation, and ability to mate coinciding with DAPI-stained nuclei. Ste20 kinase activ-(data not shown). Since Ste20 is localized in the growing ity is not required for its nuclear translocation, since bud tip and the plasma membrane during normal growth GFP-Ste20
K649R
, a catalytically inactive form of Ste20, (Leberer et al., 1997), we predicted that GST-Ste20 conferred a localization pattern similar to GFP-Ste20 would localize mostly in the cytoplasmic fraction without (data not shown). These results are consistent with nu-H 2 O 2 treatment. As expected, a high percentage of GSTclear localization being an upstream event of histone Ste20 was found in the cytoplasmic fraction from the H2B phosphorylation. As expected, GFP-Ste7 was conmock-treated samples when analyzed by Western blotcentrated in the cytoplasm, while GFP-Ste12 was in the ting using ␣-GST antibody. Surprisingly, H 2 O 2 treatment nucleus (Supplemental Figure S6 on the Cell website). facilitated the translocalization of Ste20 into the nucleus, Together, these results suggest that H 2 O 2 induces a cell as essentially all of GST-Ste20 was localized to the nudeath cascade in yeast by translocating Ste20 into the clear extracts following this treatment ( Figure 7A ). Qualnucleus in a caspase-independent fashion. We favor the view that Ste20, upon nuclear uptake, phosphorylates ity of the fractionation procedure was verified by de-H2B at S10 directly to elicit chromatin compaction and sis has been observed in various human tumor cells after treatment with certain drugs (Wang et al., 2003) . reorganization that resembles to some extent what typically occurs during mammalian apoptosis.
The finding of a cell death, H2B-mediated chromatin remodeling pathway in organisms as diverse as yeast and humans suggests that similar sequences may exist Discussion in H2B tails from other organisms. In S. pombe, S10, as well as its neighboring sequences, are completely Chromatin alterations, induced in part via covalent hisconserved in its H2B N-terminal tail ( Figure 1A) , sugtone modifications, are proving to play ever-important gesting the possibility that S10 phosphorylation serves roles in a wide range of DNA-templated processes. Here, an apoptotic function in fission yeast. Interestingly, we uncover a unique and previously unrecognized Pca1, a Yca1 homolog in S. pombe, does not appear "death" function of the H2B N tails in S. cerevisiae. This to play an essential role in S. pombe apoptosis when function is unique to the H2B N tail and is not carried induced with fatty acid (lipoapoptosis; Zhang et al., by the N tails of H2A, H3, or H4. In keeping with results  2003) . Thus, as in budding yeast, this process may also obtained in mammalian cells (Cheung et al., 2003) , phosbe mediated by a caspase-independent mechanism. phorylation of S10 in yeast H2B serves a comparable Although apoptosis has been extensively studied in role to phosphorylation of mammalian H2B at S14 and Drosophila melanogaster and Caenorhabiditis elegans, is catalyzed by Ste20 kinase, a yeast homolog of mamit remains unclear whether the N-tail of H2B, or its phosmalian Mst1 kinase. We extend our mammalian studies phorylation, plays a significant role during cell death in by showing that phosphorylation of S10 in H2B in yeast these models. As shown in Figure 1A , their H2B N tails is necessary to induce cell death in vivo and exhibits are divergent, but potential phosphorylation acceptor phenotypic hallmarks of apoptosis including DNA fragsites may include S5 in Drosophila and S6 in C. elegans mentation and chromatin condensation; these events as these serines are embedded in basic motifs near are not detected in STE20 deletion or S10A H2B point alanine and proline residues. Moreover, hippo (Hpo), a mutants. Importantly, a phospho-mimic of S10, S10E, Drosophila homolog of mammalian Mst1 and yeast promotes the constitutive formation of highly comSte20 kinase, has been shown to modulate apoptosis pacted chromatin. We favor the view that nuclear transin Drosophila ( The Role of H2B S10 Phosphorylation N-terminal tail of histone H2B and targeted phosphorylaFormation of condensed pycnotic chromatin is a halltion within a conserved sequence motif that likely promark of apoptosis, but details underlying these largevides a critical "environment" (basic patches near alascale chromatin changes are unknown. A previous study nine and proline residues) that facilitates chromatin suggested that H2B tail could play an essential role in compaction by "cis" or "trans" mechanisms that remain promoting chromatin condensation in Xenopus cell-free unclear (see below). extracts (de la Barre et al., 2001), although no responsible site(s) of phosphorylation were identified. Our in vivo studies suggest that site-specific H2B phosphorylation Conservation of H2B Phosphorylation and Programmed Cell Death (vertebrate S14 and yeast S10) may facilitate chromatin compaction. Condensed chromatin is not observed in Our data are consistent with H2B phosphorylation serving a previously unappreciated role in mediating DNA the S10A mutant, suggesting that H2B S10 phosphorylation is required for these dramatic changes in chromatin fragmentation and chromatin condensation in yeast (S10) and mammalian (S14) cells. However, unlike mamstructure ( Figure 6C ). In support, a phospho-mimic of H2B S10, S10E, is able to induce "constitutive" propermalian cells, the Ste20-catalyzed cascade in yeast does not require a kinase-directed proteolytic processing ties of apoptosis including widespread chromatin condensation ( Figure 6C ). Interestingly, phosphorylated event. Instead, full-length Ste20, and not a caspasecleaved form, translocates into the nucleus upon H 2 O 2 forms of yeast and human H2B peptides (phosphorylated at S10 and S14, respectively) display an intrinsic treatment (Figure 7 ) and facilitates phosphorylation of H2B S10 through a direct enzyme-substrate interaction ability to form unusual peptide "aggregates" that are stable even under harsh denaturing conditions (SDS, (Figures 4 and 5) . by PCR using pSA52 as template, into JHY311 or BY4741. The GFP-Ste12 (SAY 161) and GFP-Ste7 (SAY162) were generated as Experimental Procedures described for GFP-Ste20, except that GFP-Ste12 was under the control of STE12 promoter and GFP-Ste7 was under the control of Plasmids, Yeast Strains, and Culture Conditions STE7 promoter. The GST-Ste12 (SAY164) and GST-STE7 (SAY165) Plasmids, pQQ9 and pJH18, contain the genomic fragment of HTA1-were generated as described for GST-Ste20 (SAY146). Ste20
HTB1 (BamHI-SacII, 2.6 kb) and HHF2-HHT2 (SpeI-SpeI, 1.8 kb), (SAY150) was constructed using the marker-fusion PCR method respectively, in pRS316 (Sikorski and Hieter, 1989) . To obtain pJH33, as previously described (Kitazono et al., 2002). Briefly, HIS3MX6 the HHF2-HHT2 fragment was excised from pJH18 by XbaI-blunt/ cassette was integrated into 100 bp downstream of Ste20 stop SacII digestion and inserted into pQQ9 cut with ClaI-blunt/SalI. codon to generate SAY149. The genomic DNA from SAY149 was pJH33 was digested with SacII/SalI to release HTA1-HTB1-HHF2-used in PCR reactions to introduce K649R mutation in Ste20, and HHT2 fragment, which was then subcloned into pRS315-SacI to then this PCR product was then transformed into SAY144 to create obtain pQQ18. Mutations in plasmids pSA17 (htb1-S10A), pSA18 SAY150 (GFP-Ste20 K649R ). The gene disruption and epitope tagging (htb1-S33A), pSA65 (htb1-S10E), pSA67 (htb1-S33E), and yeast hisin each strain were confirmed by PCR. tone N-terminal deletion, pJH53 (hta1 ⌬1-20), pJH49 (htb1 ⌬1-32), H 2 O 2 was added to yeast cells growing exponentially on YPD pJH57 (hht2 ⌬1-30), and pJH45 (hhf2 ⌬1-27), were created by PCR medium (1% yeast extract, 2% peptone, 2% dextrose) and after a and subcloned into pQQ18. pSA51 and pSA52, carrying the STE20 200 min incubation at 30ЊC, cells were washed three times with promoter, were created by replacing GAL1 promoter in pFA6a-sterilized distilled water. Yeast apoptosis was also induced by 50 His3MX6-pGAL1-GFP and pFA6a-His3MX6 After two days of growth at 28ЊC, colonies were counted. cells by the NAT and HPH markers, respectively. These cells were For TUNEL staining, yeast cells were fixed with 3.7% formaldethen transformed with pJH33 and sporulated to generate haploids hyde and prepared as described (Madeo et al., 1999), except that (MATa) that are resistant to nourseothricin (NAT) and hygromycin TUNEL staining kits were purchased from Promega and used as (HPH). These haploid cells were mated with those (MAT␣) that are recommended by the manufacturer. For double staining with TUNEL deleted in HHT1-HHF1 and HTA2-HTB2; and the resulting diploids and ␣-Phos (S10) H2B, cells were stained with TUNEL first and then were then sporulated to obtain haploids that are resistant to nourwith ␣-Phos (S10) H2B. seothricin, kanamycin, and hygromycin. Genomic disruption of the Annexin V labeling, propidium iodide staining, and electron mihistone genes was further confirmed by colony PCR. Production of croscopy were carried out as previously described (Madeo et al., the deleted histones was examined by histone purification and SDS-1997). PAGE analyses. JHY311 was created by first transforming pQQ18 into JHY205 then selecting for the individual colonies growing on Yeast Nuclei, Histone Extraction, and Western Blot 5-FOA. Each histone gene was PCR amplified and sequenced.
Yeast nuclei were first isolated and then histones were extracted pSA17 or pSA18 was transformed into JHY205 to replace pJH33 as described (Hsu et al., 2000) . Histone concentrations were meaand generated SAY2 (htb1-S10A) or SAY3 (htb1-S33A), respectively. sure by Protein Assay Kit (Bio-Rad). Approximately 1.5 g of yeast pSA65 or pSA67 was transformed into JHY205 to replace pJH33 histone proteins were analyzed by SDS-PAGE on 8% or 15% gels and generated SAY168 (htb1-S10E) or SAY170 (htb1-S33E), respecfollowed by Western blot analysis. Antibodies were diluted as foltively. 
